The state-of-the-art in wearable flexible sensors (WFSs) for sweat analyte detection was investigated. Recent advances show the development of integrated, mechanically flexible and multiplexed sensor systems with on-site circuitry for signal processing and wireless data transmission. When compared with single-analyte sensors, such devices provide an opportunity to more accurately analyse analytes that are dependent on other parameters (such as sweat rate and pH) by improving calibration from in situ real-time analysis, while maintaining a lightweight and wearable design. Important health conditions can be monitored and on-demand regulating drugs can be delivered using integrated wearable systems but require correlation verification between sweat and blood measurements using in vivo validation tests before any clinical application can be considered. Improvements are necessary for device sensitivity, accuracy and repeatability to provide more reliable and personalized continuous measurements. With rapid recent development, it can be concluded that non-invasive WFSs for sweat analysis have only skimmed the surface of their health monitoring potential and further significant advancement is sure to be made in the medical field.
Introduction
Sweating, or perspiration, is a form of thermoregulation where between 500 and 700 ml of hypotonic fluid is secreted by the sweat glands of the average adult human, under most climate conditions, per day [1] . Sweat is easily accessible from the skin surface of the human body, secreted by the eccrine glands and is rich in physiological data, containing electrolytes (such as sodium and potassium ions) and metabolites (such as lactate and glucose) [2, 3] . This straightforward access renders sweat a particularly useful biofluid as it can be retrieved using non-invasive methods as opposed to other biofluids, such as blood [4] .
Using biomarkers in the composition of sweat, diagnostic information can be used to discover genetic conditions, such as cystic fibrosis in infants by testing for elevated chloride levels [5, 6] , and to detect diseases related to cystic fibrosis due to the loss of sodium [4] . Furthermore, an understanding has been established about glucose-level correlation between sweat and blood leading to potential use in continuous monitoring for diabetes [7] ; lactate can be measured to detect ischaemia [8] ; and temperature of the skin surface can be used to provide information for various skin injuries and diseases [9] .
Analysis of sweat biomarkers has primarily been achieved by a method of electrochemical sensing using biosensors. A biosensor is an analytical device used to provide real-time data (such as concentration) of one or more chemical constituents (analytes) in a sample [10] . One of the earliest appearances of this concept was in 1962, introduced by Dr Leland C. Clark, whose aim was to analyse levels of glucose in the blood using an 'enzyme electrode' [11] . In the present day, basic biosensors still follow the same framework as Dr Clark's early example, using a recognition stage (comprising the analyte and a sensing element) and a transduction stage [10, 12] .
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Although sweat can offer a large amount of physiological information for disease detection, drawbacks in previous studies using biosensors have included poor sweat collection methods; separate collection and analysis stages; and an inability to monitor multiple analytes simultaneously [13] [14] [15] . Furthermore, there is a lack of correlation verification between sweat and blood measurements using in vivo validation tests, with ethanol the only analyte confirmed thus far with this procedure [16] . With recent advances in integrated sensor arrays in wearable electronics, these shortcomings are beginning to be addressed [3, 17] . This review will investigate the state-of-theart in wearable electronics for disease detection in sweat with a critical discussion on the application and fabrication of such devices as well as quantitative comparison of sensor performance parameters including sensitivity, limit of detection (LoD), linear range and accuracy compared to conventional metrics.
Background

Sweat as a biofluid
Eccrine sweat sensing has been an underdeveloped area of research for wearable sensing until recent years. With the development of sensors with integrated sweat stimulation for continuous sweat access [18, 19] , and with multiplexed sensing arrays for in situ calibration of analyte measurements [3, 20] , sweat sensing is emerging as a technology capable of providing continuous analyte access and monitoring, using a noninvasive platform. With these advancements, sweat sensing has undergone an approximately 10-fold increase in academic publishing over the last 5 years [16] .
The biomarkers available to be measured in sweat are already well documented; however, the clinical worth of many of these analytes for health condition monitoring is still unproven. Small lipophilic (hydrophobic) analytes, such as steroid hormones (cortisol [13] , testosterone [21] , etc.) and drugs (methylxanthine [22] , levodopa [23] , ethanol [16] , etc.), exhibit strong correlation between sweat and blood concentrations. While these biomarkers are known to partition transcellularly through the lipophilic cell membranes, larger and/or more hydrophilic analytes are speculated to enter the sweat through a paracellular route, active channels or vesicular/exosomes which will confound attempts at sweat-blood correlation (figure 1) [21] .
Due to the greater number of cellular barriers, the level of filtering in the tight junctions is increased, leading to higher dilution of larger biomarkers. An example of this is sweat glucose, which is transported through a paracellular pathway and is approximately 100 times more diluted than interstitial fluid or blood plasma glucose [7] . This considerably lower concentration provides a big challenge in wearable sweat sensing and underlines the necessity for ultra-sensitive and highly selective devices with carefully designed sweat sampling methods.
Some of the most commonly measured analytes in sweat are electrolytes, such as sodium [15, 17, 25] , potassium [3, 26] and chloride [27, 28] . Although sodium has been shown to be a useful marker for electrolyte imbalance [15] , there is no evidence of any correlation between blood and sweat sodium [13] . Despite this, sweat sodium has recently been shown to be valuable for correlating regional sweat levels with wholebody fluid and electrolyte loss, using individualized wearable monitoring to demonstrate a near 1 : 1 relationship between measured and predicted whole-body fluid losses [29] . Blood and sweat potassium correlation is still yet to be demonstrated as the very small changes in blood potassium result in the corresponding sweat potassium measurements to be dominated by interference sources [21] . Sweat chloride has been shown to have clinical application in point-of-care cystic fibrosis testing [5] .
Other analytes that are readily available in eccrine sweat but also lack blood-sweat correlation are lactate [3, 14, 26] and urea [30] . Sweat lactate correlation with blood concentrations is difficult to establish due to additional local generation at the secretory coil of the sweat gland during perspiration generation [31] . While this currently means that sweat lactate cannot be directly related to whole-body conditions, it can at least be related to sweat gland exertion in response to whole-body conditions. Meanwhile, urea levels in sweat have been linked to kidney failure monitoring with the effects of the condition visible as a white crust on the skin of inflicted patients [13] .
While advancement in sweat collection methods and sensing is vital for further development of non-invasive wearables, the clinical validation of sweat analytes is also critical for the overall progression of sweat sensing, particularly for any future commercial applications. Blood-sweat correlation must be established through in vivo trials and biomarker partitioning pathways must be fully understood before the full potential of wearable sweat sensing can be realized. 
Sweat biosensor mechanism
Chemical sensors are devices that use a molecular chemical receptor and a physico-chemical detector element (transducer) to extract useful information such as the concentration of a single entity in a sample. Where the recognition system uses a biological component (e.g. antibody, DNA, enzyme, ionophores), the device can be called a biosensor [32] . The bioreceptor chosen for the chemical recognition system is dependent on the desired analyte and must be able to output the analyte concentration as a physical or chemical signal with an identifiable defined sensitivity. Similarly, the transducer will need to be selected depending on the bioreceptor and required measurement technique. The type of transducer is commonly used as the classification for the biosensor (e.g. optical, impedance-based and piezoelectric sensors). Figure 2 displays a schematic of the different components in a biosensor.
Several different sweat-based biosensors have been used to investigate physiologically important analytes and other data of interest. Electrochemical sensing has been the primary method used for health monitoring using sweat due to its low cost, high performance and device portability [33] . Examples of these types of sensors are listed in table 1, displaying what analytes can be detected using different techniques.
Currently, for disease and health condition detection, the analytes of greatest interest are metabolites and electrolytes [42] . The most common methods of detection are enzymatic amperometric and potentiometric ion-selective electrode (ISE) sensors (table 1).
Enzymatic amperometric sensors
Electrochemical sweat sensors typically use three or four electrodes manufactured on a flexible substrate. These electrodes are the working electrode, counter electrode, reference electrode and cathode [43] . The reference electrode has a known and stable electropotential and therefore can be used as a half-cell to determine the electropotential of the other half of the cell (the working electrode). The most commonly used reference electrode is made of Ag/AgCl with defined potentials ranging from +0.20 to +0.25 V [43] .
For metabolite sensing, biosensors with enzyme recognition elements are used where the enzyme is tethered to the working electrode by a process of enzyme immobilization, including entrapment [44] and covalent cross-linking or bonding [45, 46] . This is achieved using an insoluble material, typically containing supports made of natural polymers such as chitosan [3, 14, 18] , synthetic polymers [46] or inorganic materials, such as glass [47] . Enzymes used in previous studies have been glucose oxidase (GOx) for glucose sensing [48] , lactate oxidase (LOx) for lactate sensing [14, 17] and alcohol oxidase (AOx) for ethanol sensing [18] . The enzyme works in the system by catalysing a reduction-oxidation (redox) reaction to initiate an electron transfer process between the redox centre of the enzyme and the working electrode. The product concentration increase caused by the enzymatic reaction can be read using amperometry if the substances are electroactive [49] . Hydrogen peroxide (H 2 O 2 ) concentration is typically measured for enzymatic amperometric readings as it is a product of the oxidase reaction. In recent working electrode systems, a redox mediator is included to enable more efficient electron transfer from the difficult-to-access redox centre in the enzyme to the electrode [48] . Ferric materials such as ferrocene and Prussian blue are commonly used as mediators [3, [48] [49] [50] . A schematic of an example glucose sensor using enzymatic amperometric sensing is shown in figure 3b . [20, 41] royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190217
Ion-selective electrode sensors
ISEs are transducers capable of converting specific ion activity (dissolved in a solution) into a readable signal. By the Nernst equation, the logarithm of the target ion activity can be related to the voltage allowing selectivity to be achieved by direct potentiometry. For ISE sensors, the ISE is the working electrode and a reference electrode is required as well in the same way as amperometric sensors. ISEs are available in three different classifications: solid-state membranes (fixed ion exchange: e.g. glass, crystal), liquid membranes (mobile ion exchange) and membranes in special electrodes (e.g. gas-sensing) [51] .
To prepare an ISE, a base electrode is drop-casted with an ion-selective membrane (ISM) solution and left to dry [3, 15, 25] . This solution will contain an ionophore, a lipidsoluble chemical species capable of binding to and carrying a specific ion along the membrane. The ionophore will induce ionic activity generating a specific electrical potential. Examples of ionophores used for ISE sensors are monensin [15, 25] (for sodium) and valinomycin [3, 26] (for potassium).
Wearable sensors for sweat
There are two broad classifications for sensors: flexible [52] and non-flexible [53] . For the application of collecting physiological data from sweat, the sensor must be in close contact to the skin for optimal in situ sweat collection and analysis, while also being capable of enduring dynamic use and yet still remaining convenient to wear. Hence, for this purpose, wearable flexible sensors (WFSs) are preferred to match the non-planarity of human skin [54] . Recent advances in WFSs have seen embedded and integrated signal processing circuitry introduced for real-time data analysis and wireless transmission to a computer or smart device [3, 55] . Typically, Bluetooth has been used for wireless data transmission due to its lower installation costs, good compatibility and fewer hardware requirements than other network protocols such as Wi-Fi or ZigBee [56] . Figure 4 displays a schematic of WFS integrated signal processing and wireless transmission.
Materials and manufacturing methods used to fabricate such flexible devices are discussed in §3.
Fabrication
Sensor manufacturing methods
When considering the fabrication of WFSs, the materials and manufacturing methods must be capable of producing highly sensitive, selective, flexible, biocompatible sensors and circuitry on the micro-and nano-scale. Existing WFSs for sweat sensing include wearable patches [3, 50, 57, 58] , epidermal tattoos [14, 15, 18, 25] and wearable articles of clothing such as sweat bands [3] and eyeglasses [26] . For each of these, the manufacturing process must include the assembly of electrodes on a flexible substrate. Methods for this have been screen printing [15, 22, 29, 41] , stamp transferring [59] , epidermal elastomeric stamping [33] , photolithography [3] and ink or aerosol jet printing [60] .
While photolithography can provide excellent resolution on the nanoscale (approx. 50 nm) by using electron beam patterning technology, the ease of manufacture is limited by the high cost of equipment and required clean room environment. Screen printing is the most suitable for mass production of electrodes on a variety of flexible substrates due to its low cost, with roll-to-roll screen printing offering a very high throughput of 60 devices per minute [29] . However, screen printing does not yield as high spatial resolution as photolithography and is also hindered by substrate properties and a limited range of printable ink materials [43] . Novel methods such as stamp transferring and ink jet printing (combined with electroplating) have shown to have good resolution (approx. 2 µm) while providing manufacturing capability on non-planar substrates with complex surface morphologies, hence rendering these methods ideal for epidermal sensor fabrication [59, 61] .
Once the electrode array has been manufactured, the respective recognition element for the analyte of interest must be added. This involves forming a layer or membrane on the working electrode by coating the surface with an analytetargeting solution. Typically, a solution is prepared, containing the biorecognition element, and drop cast onto the electrode surface [3, 62] . The thicknesses of layers can vary due to the poor uniformity of the drop casting technique; however, protection of the recognition element has been achieved using royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190217 monolayer thickness [63] . Modifications can also be made to electrodes before introducing the recognition element such as adding layers of material to increase selectivity or conductivity as well as attaching porous materials to expand the reaction site surface area [43] . Fabricating highly porous nanofibres using electrospinning and combining them with a bioreceptor is an example of this method for enhancing sensor sensitivity, sensing range and bioreceptor immobilization [64] . Likewise, conductive metal nanoparticles can be used to enhance the performance of non-conductive but highly selective materials [65, 66] .
Materials
While the fabrication method is a significant factor in the performance of a biosensor, the chosen material's properties (such as morphology, conductivity, porosity, surface area, selectivity and mechanical properties and surface wetting behaviour) are imperative for optimal sensitivity and range of detection. Furthermore, for WFSs, the materials used in fabrication must be flexible and robust for dynamic use on human skin.
Materials for the flexible substrate used for the foundation of WFSs have included many different polymers such as polydimethylsiloxane (PDMS) [58, 67] , polyethylene naphthalate (PEN) [68] , polyethylene terephthalate (PET) [3, 14, 15, 26] , polyimide (PI) [25] , poly(methyl methacrylate) (PMMA) [17] , poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE)) [69] , Parylene [70] and polypyrrole [71] . The use of paper for substrates has also been successfully demonstrated for wearable disposable sensors, showing an improvement in sensitivity over sensors fabricated on non-porous substrates such as PI [60] . However, PI has still been preferred over PDMS due to the latter's tendency to undergo mild swelling due to ISM solution absorption [25] .
For the working electrode fabrication, typical base materials are silver, gold, platinum and carbon (including graphene, graphite ink, CNTs and glassy carbon) [55] . By modifying electrodes with different materials, for example, attaching nanofibres or nanoparticles, enhanced sensor performance can be achieved by increasing sensitivity, robustness and selectivity. A thin redox mediator layer of Prussian blue deposited on a base electrode has been shown to provide greater sensitivity in glucose biosensors, helping to measure the low glucose levels in sweat [3] .
An increase in enzyme surface concentrations, enzyme immobilization, surface area and porosity (and hence adsorption sites) have been achieved by use of metal nanoparticles such as those made of silver [65, 72] , gold [73] and nickel [74] . Similarly, electrospun metal oxide nanofibres, such as zinc oxide, have been used showing a fast sensor response time (4 s using zinc oxide for glucose measurement) and LoD (1 µM for glucose detection) [75] . Tang et al. [76] also quantitatively displayed how titanium oxide nanofibre structuring can be used to yield an electrode response 4.6 times higher than without titanium oxide nanofibres for 100 µM of glucose. Bujes-Garrido et al. [77] displayed an emerging use of electrochemically deposited silver nanoparticles on a low-cost, screen-printed carbon electrode for chloride and other halide ions in sweat samples. This approach yielded excellent reproducibility (with a relative standard deviation of 1.61%) and was shown to have high selectivity towards chloride ions comparable to traditional electrochemical detection techniques using ion selective electrodes, with an LoD of 3.0 µM. Such results have greatly influenced the widespread use of nanoparticles and nanofibres in electrode fabrication.
Additionally, colorimetric sensing has been used for both quantitative and qualitative analysis for wearable optical sensors, capable of inducing a colour change, visible to the naked eye, in the material that can be correlated to the presence of a certain analyte [78] . This has been achieved by functionalizing a polymer matrix by doping, such as by dye-doping [79] or nanoparticle doping [80] . This can be used for basic warning threshold indicators using only the human eye to inspect a change in colour or can make use of spectrophotometry for quantitative measurements of analyte concentrations. Colorimetric sensing has been used for measuring analytes present in sweat using nanofibrous sensors based on doping techniques such as for glucose [81] , ammonia [82] and pH level [83] . Koh et al. [84] used chromogenic bioreceptor reagents to produce a colorimetric adhesive patch with a soft microfluidic device, based on PDMS, for sweat collection and analysis of lactate, chloride, glucose and pH. This was used in tandem with image processing software on a smartphone for concentration correlation of analytes with levels of red, green and blue output by the colorimetric sensor (figure 5). A resolution of 0.5 units for the pH sensor and concentration resolutions of 0.2, 0.3 and 0.1 mM for chloride, lactate and glucose were found, respectively. royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190217
A major advantage of colorimetric sensing is the ability to detect without the need for electrical contacts, enabling greater flexibility in design and easier personal and portable use [78] . However, issues must still be taken into consideration such as lack of continuous monitoring (single-use patches) and reduced measurement accuracy compared to electrochemical sensing [84] . Such devices may be more suited to threshold measurements and warning indicators as opposed to precise concentration measurements due to relatively poor correlation between laboratory and sensor results.
Further to using metallic materials for electrode modification, non-metallic conductive substances, such as carbon and polymers, have also been shown to be effective for electrode fabrication. Gao et al. and Nyein et al. have shown the use of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT : PSS), a polymer consisting of a mixture of two ionomers, as an effective material for the detection of electrolytes such as calcium, potassium and sodium due to the high conductivity (up to 5400 S cm −1 ) [85] , flexibility and ductility [3, 40] of its thin film. Yang et al. [86] also used PEDOT : PSS to form a nanofiber structure for glucose sensing, enabling increased immobilization of GOx enzyme and decreased impedance of the Pt working electrode compared to flat electrode sensing. Carbon and carbon variants, such as graphite [26] , graphene [50] and reduced graphene oxide [87] , are widely used materials in sweat biosensor fabrication due to their excellent electronic and mechanical properties as well as high chemical resistance. Carbon has been used for both base electrodes and as an electrode modification device, using both carbon nanofibres (CNFs) [88] and carbon nanotubes (CNTs) [25, 89] . While CNTs and CNFs have been used extensively in glucose biosensing [90] , Roy et al. [25] showed that CNTs used as the basis of a working electrode for sodium detection can provide stronger attachment to ISM solution and increased selectivity over other working electrode materials such as platinum or gold.
Non-conductive materials with desirable properties such as high selectivity, mechanical strength and flexibility, biocompatibility and large surface areas can still be used in electrode fabrication by doping with conductive materials. Anderson et al. [65] presented this as a useful method in non-enzymatic amperometric glucose sensing, where an intrinsically non-conductive material, molybdenum disulphide (MoS 2 ), was nucleated with silver nanoparticles and used to modify a glassy carbon electrode. The LoD was found to be 0.03 µM with a sensitivity of 9044.6 µA mM −1 cm 2 and a linear range of 0.1-1.0 mM of glucose concentration, with high selectivity towards glucose detection. These results were superior to previously recorded results from both enzymatic and non-enzymatic glucose biosensors.
Similarly, Zaryanov et al. recently used a non-enzymatic poly(3-APBA)-based lactate sensor, imprinted with lactate, to replace typical LOx enzyme-based sensors. Results were successful with a comparable linear range (3-100 mM) and LoD (1.5 mM) to enzymatic lactate sensors but with the ability for measurement accuracy to be unchanged after six months. This is unachievable for enzymatic devices due to poor LOx stability [91] . 
Detection of diseases and conditions
The most common application for wearable biosensors in current science is for point-of-care medical or physiological monitoring, helping to detect diseases and health conditions in a more convenient manner and with a less invasive approach than conventional monitoring methods. WFSs have been used extensively for studies in recent years for detecting analyte concentrations relevant to diseases and health conditions. However, these non-invasive methods have typically lacked simultaneous multi-analyte detection and on-site circuitry for in-situ analysis and calibration. Gao et al. [3] have revolutionized the sweat biosensing field by introducing a wearable integrated sensor array where multiple analytes can be simultaneously measured, using a flexible integrated sensing array (FISA), and analysed and transmitted using a flexible printed circuit board (FPCB). The integrated FISA and FPCB fabricated on a flexible PET substrate are displayed on a subject's wrist in figure 6a , with the FISA approximately the same size as a US quarter dollar coin (25 mm 2 area) [3] . The analytes measured in this study were metabolites (glucose and lactate) and electrolytes (sodium and potassium). It is described that, by using this device, physiological monitoring during exercise will give real-time data on the subject's condition, outputted visually on a smart device. These data can be used as a marker for conditions such as hypoglycaemia due to diabetes mellitus from glucose, pressure ischaemia from lactate, hypokalaemia from potassium and hyponatraemia from sodium.
Measurements were taken using the device while it was worn on the forehead, arm and wrist during cycling exercise (figure 6b) and the on-body data retrieved were compared to ex situ data analysed later, yielding very similar trends (figure 6c). However, glucose concentration was found to decrease with continued exercise due to dilution of glucose in sweat over time and different glucose concentrations were measured from the devices at different locations in the body. It was proposed that increasing temperature by exercising impacted the glucose oxidase (GOx) enzyme activity. Hence, careful monitoring of sweat rate and composition as well as environmental variables are required to ensure accurate monitoring for sweat/blood glucose level relationship. Furthermore, although the sweat rate and relevant biomarkers were correlated, there was no correlation established between sweat glucose and blood glucose concentrations.
In the case of Gao et al., sweat was collected by increasing the sweat rate during exercise. This can be risky due to potential-induced hypoglycaemia in diabetic patients. An alternative method of collection is by on-demand sweat simulation using iontophoresis ( figure 7) . Emaminejad et al. [42] used iontophoresis by delivering sweat-inducing agonists (e.g. acetylcholine and pilocarpine) to the sweat glands using electrical current. The aim of this study was to non-invasively monitor sodium and chloride levels for cystic fibrosis diagnosis but was also extended to glucose monitoring.
Lee et al. [50, 58] investigated the use of a graphene-based glucose sensor integrated with a transdermal drug delivery module. This device was fabricated as both a wearable patch and a disposable strip to provide flexibility for different The glucose biosensing coupled with subsequent drug delivery was successfully tested on diabetic mice with results yielding decreased blood glucose concentration to normoglycemic levels (less than 11 mM) after application of metformin.
The study concluded that improvements had to be made for long-term stability of the system and that suppression of blood glucose levels could be regulated faster by use of chlorpropamide instead of metformin. A recent advancement in sweat biosensors has seen calcium [40] and ethanol [18] concentrations measured using WFSs. Nyein et al. [40] used the multiplexed sensor array framework innovated by Gao et al. to establish a WFS capable of non-invasively measuring both sweat pH and ionized calcium (Ca 2+ ) simultaneously. The multiplexed system was essential for calcium measurements due to its dependence on pH level. Five human subjects were monitored during constant-load cycling with the device attached to their foreheads. The sensitivity of the Ca 2+ sensor was found to be 32.7 mV/ decade and hence close to the ideal sensitivity of 29.6 mV/ decade calculated from the Nernst equation [40] . The sensor array was continuously tested for an hour finding that average sensitivity differentiated by only an 8% error, showing high stability. Furthermore, sensor reading accuracy was confirmed by adding different amounts of Ca 2+ and H + into sweat samples and taking measurements with both the sensor array and by using inductively coupled plasma-mass spectrometry (ICP-MS). Results were similar with only around a 4% average error in concentration measurements. With these findings, this multiplexed sensor array for Ca 2+ is a particularly useful advancement in wearable biosensing for disease detection due to a large number of possible detectable conditions such as myeloma, cirrhosis, renal failure, kidney stones, acid-base balance disorder and primary hyperparathyroidism. However, in vivo blood-sweat correlation validation trials are still required to verify any possible clinical application.
Kim et al. [18] integrated an enzymatic amperometric sweat ethanol sensing patch with a pilocarpine iontophoresis drug delivery system and wireless Bluetooth transmission to a smart device ( figure 9 ). The applied electrical current (0.6 mA) for iontophoresis was optimized for efficient drug delivery and subject comfort (high currents tended to cause skin irritation). Test subjects had ethanol concentrations measured before and after alcohol consumption with results yielding expected raised ethanol levels.
The device was found to be more reliable than commonly used breathalysers due to avoiding potential inaccuracies caused by temperature, humidity, environmental factors (such as alcoholic fumes) or consumer products (such as mouthwash). It was also established to be a faster method of blood alcohol concentration measurement than other transdermal devices (SCRAM and Giner WrisTAS), which could take between 0.5 and 2.0 h for a useful output compared to 10 min for this device. Hence, it was suggested that the ethanol sensor could be used for detecting illegal levels of alcohol consumption in automobile drivers.
The study concluded that although a stable iontophoresisbiosensing ethanol monitoring system had been established, further development needed to be made in personalizing the device to meet individual factors such as skin permeability and sweat composition.
Hauke et al. [16] further confirmed the efficacy of wearable enzymatic sweat ethanol sensing by correlating in vitro data, carefully characterized to account for interference sources, with in vivo blood ethanol measurements. The study displayed a highly reproducible and novel device design with a hex figure 10 ). Although the device had a relatively low ethanol concentration linear range (0.014-3.67 mM), sensor performance was not the primary focus and was deemed good enough for a proof-of-concept study, which showed a linear Pearson correlation of 0.9474-0.9996 between blood and sweat ethanol measurements. With these promising results, there is a potential for this device to provide correlation validation for other small lipophilic analytes in sweat, which exhibit strong correlation between blood and sweat concentrations [13] .
In addition to ethanol, there have also been two more small lipophilic drug sensing studies recently established, measuring caffeine [22] and levodopa [23] concentrations in sweat. A wearable sweat band with a CNT/Nafion working electrode was used to detect caffeine by oxidation. A strong correlation was found between caffeine intake and measured sweat caffeine levels with a 0.98 Pearson's correlation coefficient and sensitivity of 45 µM g −1 . This study demonstrated an alternative method to urine testing for illicit substance use in athletics competitions [22] . For levodopa sensing, a wearable sweat band sensor, similar to the caffeine sensor design, was employed but with gold nanodendrite modified Au/Cr electrodes with immobilized tyrosinase for enzymatic sensing. From this study, it is believed that sweat sensing can be used to optimize the levodopa dosage required for patients with Parkinson's disease, as opposed to the traditional and limited method of evaluating the subject's motor function [23] .
Sempionatto et al. [26] , meanwhile, used typical sweat metabolite and electrolyte biosensors for a new style of WFS by incorporating the sensors into the nose pads of eyeglasses with a wireless circuit board attached to the glasses arms. This multiplexed device with wireless transmission provides an interesting alternative to the similar system proposed originally by Gao et al. [3] as it allows spatially separated sensor sites reducing potential interference between sensors both electrically and chemically. The sensors trialled in this study were glucose, lactate and potassium and proved proficient for continuous, simultaneous monitoring. However, necessary control experiments were not conducted to verify the results.
The main WFSs discussed in § §3 and 4 are summarized in table 2 in §4.3 for comparative reference. This table gives a comparison between type of sensor, materials used, quantitative sensor details and relevant diseases to each of the analytes examined.
Limitations and future scope
In an ever-advancing field, WFSs are evolving with growing microelectromechanical (MEMS) and nanoelectromechanical system (NEMS) technologies leading to lower cost of fabrication in the future [55] . Furthermore, advances must be made in material science for sensor manufacture to continue to improve sensitivity, selectivity, detection range and LoD by incorporating different combinations of nanofibres, nanoparticles, highly selective materials and highly conductive materials. This is essential to establish as near to an ideal Nernstian response as possible from sensors and to achieve a low LoD for low sweat concentration analytes, such as glucose compared to blood glucose. However, careful consideration must still be made to ensure highly sensitive sensors do not generate false positives. [25] royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20190217
There have been many studies undertaken for comparing sweat sensor results to reference results such as laboratory techniques or conventional measurements with good accuracy and correlation results for electrochemical sensors (as shown in table 3 ). Choi et al. [27] displayed an excellent correlation between sweat measurement results for laboratory analysis and a potentiometric ISE, using this for investigating chloride concentrations for subjects with and without cystic fibrosis. Further research should be conducted for comparing sweat sensor results to laboratory analysis (or other reference methods), for investigating concentrations for health and physiological conditions specifically, to verify use of these devices in medical monitoring.
Despite the number of studies conducted on the correlation of WFS results with ex situ laboratory sweat results, for complete validation of results, the concentrations of analytes in sweat and blood must also be correlated. Unfortunately, there has been a lack of literature regarding the validation of results using a wearable sweat sensing device and in vivo blood measurements. Hauke et al. [16] established a strong correlation (0.9474-0.9996 Pearson correlation coefficient) between sweat and blood ethanol using a wearable enzymatic biosensor and in vivo validation trials during a greater than 3 h testing period. Validation trials like this must be conducted for other analytes to verify any useful application in wearable health monitoring, particularly in electrolytic sensing where the only major verified application is in single-use, point-of-care cystic fibrosis testing measuring sweat chloride [21] .
Although the correlation between glucose concentration in sweat and in blood has been well established (approx. 100 times diluted in sweat), proper collection of sweat to achieve this correlation has proven challenging and the glucose pathway from blood to sweat is still yet to be corroborated [3, 26, 48, 50, 58] . Iontophoretic sweat glucose levels were found to not strongly correlate with corresponding real-time blood glucose measurements, displaying a critical limitation in sweat glucose-based threshold measurements [29] . However, it is believed that by uploading large pools of sweat glucose data from wirelessly transmitting WFS devices to a central online 'cloud' database and with further investigation into more complex, individual-specific correlations between sweat and blood glucose, a greater understanding of diabetes biomarkers can be realized [3, 29] .
Further analysis is required for using multiple analytes (such as pH, skin temperature and humidity) for greater accuracy and continuous calibration of devices. Autonomous systems must be advanced to enable efficient sweat collection and calibration-free sensing for continuous monitoring with as little human interaction as possible. Further research should focus on incorporating efficient iontophoresis systems into every sweat sensor to nullify the requirement of exercise to accurately monitor analyte concentrations. As temperature has been shown to affect enzyme activity [3] and enzymes are known to be unstable with a poor shelf-life [91] , nonenzymatic sensors should be developed further to reduce cost and increase available continuous monitoring time.
Conclusion
This review investigated the state-of-the-art in WFSs for detecting analytes in human sweat relevant to disease and health condition monitoring. In recent years, extensive research has been conducted on providing non-invasive, in situ, real-time analysis of sweat analyte concentrations. Advancements in fabrication techniques and material science have allowed multiple sensors to be integrated into a single mechanically flexible multiplexed system with on-site circuitry for signal processing and wireless data transmission. Such devices provide an opportunity to better calibrate analytes that are dependent on other parameters (such as the sweat rate dependence of glucose).
Combining tailored materials has proven beneficial for enhancing sensor capabilities with high sensitivity, low LoD and large linear range all shown to improve with the increased surface area and porosity provided by, for example, nanofibreand nanoparticle-modified electrodes. Doping non-conductive but highly selective materials with conductive nanoparticles has proven useful for fabricating non-enzymatic electrochemical sensors with superior LoD, sensitivity and stability than enzymatic sensors due to higher specificity. pH colorimetric −0.29554 (ρ) [84] Metabolites and electrolytes available to be non-invasively measured in sweat may provide essential information required for important health condition monitoring but require correlation verification between sweat and blood measurements using in vivo validation tests for useful application in the medical field. Integrated wearable systems are now able to induce sweating by iontophoresis, removing the need to exercise for sweat collection, and are also capable of delivering blood glucose-regulating drugs on-demand in response to hypoglycaemia.
Further development in the field is still required, however, such as a need to establish a clear correlation between glucose concentration in blood and sweat by verifying the partitioning pathway. Sensitivity still needs to be improved to achieve as near an ideal Nernstian response as possible. Furthermore, integrated multiplexed systems need to introduce additional calibration-free, disease-related sensors to establish widespread use of devices. With the current limitations, wearable sweat devices have not yet been introduced for clinical application. Nevertheless, from recent rapid development, it can be concluded that non-invasive WFSs for sweat analysis have only skimmed the surface of their health monitoring potential and further significant advancement is sure to be made in the medical field.
